During compression of a water dimer calculated with high-precision first-principles methods, the trends of H-bond and O-H bond lengths show quantum effect of the electronic structure.
Introduction 2
Water covers two thirds of our planet, and is the source and central part of all life forms.
Water is anomalous and strange in that it expands on freezing and is the densest in the liquid state at 4 ℃ rather than becoming steadily denser with cooling. In addition, it has an abnormally high heat capacity, odd viscosity, and more interesting properties 1 . Most of these anomalies are rationalized by the standard tetrahedral hydrogen-bonded network 2, 3 . Besides, numerous studies have been carried out on water through first-principles methods by extrapolating from the classical model 4, 5 . However, it was not until the discovery of nuclear quantum effect of the hydrogen bond that the concepts from classical simulation were refreshed 6, 7 . The quantized behavior of electrons 8 and the reported electron delocalization 9 inspired us to study the electronic quantum effect of the hydrogen bond in water, which has not been found in previous researches. In this work, the unique quantum effect of the electronic structure of water was determined by simulated scanning. Different high-precision first principles methods including singles and doubles coupled cluster methods with perturbative triple excitations (CCSD(T)), second-order Mø ller-Plesset perturbation theory (MP2), and density functional theory (DFT)
Results and Discussion
were applied. The stable structure optimized with CCSD(T) is shown in Fig. 1a . From the results of different methods, it was concluded that when the water dimer is compressed, the H-bond length continuously decreases, while the O-H bond length increases up to the stable point, beyond which it decreases. The trends of change in H-bond length and O-H bond length are shown in Fig.1b (see SI for details). This is different from the previous compression results of water 10, 11 and cannot be implemented in classical simulation because of the exchange repulsion of electrons in the quantum mechanics specially.
To explain the mechanism and the contribution of the exchange repulsion further, we carried out Symmetry-Adapted Perturbation Theory (SAPT) 12 based on the quantum mechanics and it can be applied on the interaction of two water monomers, it decomposes the interaction into physical components of electrostatic interaction, exchange repulsion, induction, and dispersion. The percentages of the four terms in the total interaction and the corresponding energies are provided in Fig. 1c and Fig. 1d , respectively. For the decrease in H-bond length with compression of water dimer, it is related to exchange repulsion, resulting from orbital overlap. Because of the decrease in O· · · O distance, the orbital overlap of the water monomers increases, leading to an increase in the exchange repulsion and decrease in bond length of the H-bond connecting the monomers. The relationship between bond length and orbital overlap as well as exchange repulsion is consistent with the previous report 13 . For the O-H bond length increases up to the stable point, beyond which it decreases. We concluded that when the O· · · O distance in the water dimer structures is larger than that in the stable structure, the electrostatic interaction significantly contributed to the total interaction between the water monomers. Within this region, attraction from the electrostatic term becomes larger with compression, leading to an increase in the O-H bond length. Contrarily, when the O· · · O distance in the scanned water dimer structures is smaller than that in the stable structure, the total interaction is dominated by the larger exchange repulsion, leading to a decrease in the O-H bond length (see SI for details). The physical basis of the exchange repulsion between water monomers is a pure quantum effect, which changes the parameters of the water monomers including the O-H bond length 14 .
In summary, this work focuses on the quantum effect of the electronic structure on the changes in the O-H bond length and the H-bond length with a decrease in the O· · · O distance in a water dimer, which is of significance for the related study of quantum effect in hydrogen bond systems in the future.
Methods
The structures of the (H2O) The energy decomposition of the (H2O)2 scanned with CCSD(T) is implemented in the Psi4 19, 20 , the interaction energies of the water monomers is given by Eint=Eelstat+Eex+Eind+Edisp, which divided the interaction energy of the water monomers into four parts: the electrostatic term, the exchange repulsion term, the induction term and the dispersion term and the sum of the electrostatic term and the exchange repulsion term is related to the variation of the conformation of (H2O)2 closely.
Electrostatic interaction includes Coulombic multipole-multipole-type interactions as well as the interpenetration of charge clouds. Exchange repulsion is a repulsive force that arises from monomer wavefunction overlap and the fermionic anti-symmetry requirements of the dimer wavefunction. Induction includes polarization from each monomer's response to the
